Abstract Recent material developments of fast solid oxide and lithium ion conductors are reviewed. Special emphasis is placed on the correlation between the composition, structure, and electrical transport properties of perovskitetype, perovskite-related, and other inorganic crystalline materials in terms of the required functional properties for practical applications, such as fuel or hydrolysis cells and batteries. The discussed materials include Sr-and Mgdoped LaGaO 3 , Ba 2 In 2 O 5 , Bi 4 V 2 O 11 , RE-doped CeO 2 , (Li,La,)TiO 3 , Li 3 La 3 La 3 Nb 2 O 12 (M=Nb, Ta), and Na super-ionic conductor-type phosphate. Critical problems with regard to the development of practically useful devices are discussed.
Introduction
After Walter Nernst's pioneering discovery [1] of various solid ceramic oxides being "conductors of second kind," as electrolytes were called at the time of this discovery at the end of the 19th century, fast ionic transport in solids was observed for a variety of metal halides and sulfides during the early decades of the 20th century. However, fast progress in understanding and developing novel materials for practical applications has only been achieved during the last few decades. From this point of view, solid electrolytes should have high ionic conductivity based on a single predominantly conducting anion or cation species and should have negligibly small electronic conductivity. Typically, useful solid electrolytes exhibit ionic conductivities in the range of 10 −1
Oxide ion electrolytes

General considerations
Doping parent metal oxides with oxides of lower-valent cations than the host cation produces anion deficiencies, i.e., oxygen stoichiometries less than that of the mother phase. This is an essential requirement for oxide ion conduction [2, 26, 27] , because the transport of oxide ions occurs generally by a hopping process between an occupied and a vacant oxide ion site. It is generally accepted that high ionic conduction of oxides is based on the following structural properties:
1. An optimum number of oxide ion vacancies which should be structurally distributed 2. Vacant and occupied sites should have nearly the same potential energies for low-activation-energy conduction processes 3. Weak frame-work and 3D structures 4. Weak covalent bonding between the metal and oxygen (M-O) 5. Host and guest metal ions should be stable with different coordination numbers of oxygen.
Solid oxide ion electrolytes are notably of interest for energy conversion and environmental applications, including SOFCs, oxygen sensors, oxygen pumps, and oxygen permeable membranes [9-14, 17, 23-25] . Besides solid electrolytes, suitable predominantly electronically (mixed ionic-electronic) conducting anode and cathode materials have to be developed. Present SOFCs are based on fluoritetype Y 2 O 3 -doped ZrO 2 (YSZ), perovskite-type, Sr-doped LaMnO 3 (LSM) cathodes and composite Ni-YSZ cermet anodes [9] [10] [11] [12] [13] [14] 17] . A critical problem is the high operating temperature (≈1,000°C) that is required for reasonably high oxide ion conduction of YSZ. The high operating temperature leads to several materials problems [25] . These are:
1. Interfacial diffusion of Sr and La between the electrode (LSM) and the electrolyte, leading to the formation of poor conducting reaction products, e.g., SrZrO 3 and La 2 Zr 2 O 7
2. Mechanical stress due to different thermal expansion coefficients, which destroys good electrical electrolyte and electrode contacts 3. High cost of the bipolar separators, which are required for long-term mechanical and chemical stability in oxidizing and reducing atmospheres 4. Lack of appropriate sealing materials that are chemically inert against chemical reactions with all components of the fuel cell.
Accordingly, there is strong, currently ongoing research for intermediate temperature (IT; 400-800°C) solid oxide conductors. In this regard, a set of functional material properties has to be fulfilled for practical SOFC development:
1. High oxide ion conductivity at the operating temperatures (400-800°C) without structural phase transition and decomposition 2. Electrochemical stability up to at least 1.2 V against air or pure O 2 at the operating temperature 3. Negligible electronic conductivity over the entire or most of the employed range of oxygen partial pressures and temperature 4. Dense, gas-tight, pore-free preparation of the material with good adhesion to both anode and cathode materials, with matching thermal expansion coefficients (including the sealing material) 5. Stability against chemical reactions with anode, cathode, and sealing materials over an extended period of operation time 6. Negligible electrolyte-electrode interface and chargetransfer resistances 7. Low-cost, nontoxicity, easiness of preparation, chemical and kinetic stability under ambient conditions, especially conditions of moisture and CO 2 content in the atmosphere.
Various transition inorganic metal oxides possessing fluorite, pyrochlore, perovskite, and structurally perovskite-related brownmillerite, Aurivillius, and RuddlesdenPopper layered perovskites (e.g., K 2 NiF 4 -type) have been considered for the development of intermediate temperature solid oxide fuel cell (IT-SOFC) electrolytes. Table 1 lists the potential oxide electrolytes and comments on their technological problems with regard to their application in Fig. 1 Regime of electrical conductivity of solid electrolytes at room temperature as shown by the broken lines and compared with the electrical conductivities of typical metals, semiconductors, and insulators fuel cells [9] [10] [11] [12] [13] [14] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Figure 2 shows the Arrhenius plots for the oxide ion conductivities of selected metal oxides [13] .
Oxide ion electrolytes based on ABO 3 perovskite Takahashi and Iwahara were the first to work on oxide ion conductors based on the perovskite structure ABO 3 (A = Ca, Sr, La; B = Al, Ti) with aliovalent substitution of the metals [21] . The idealized crystal structures of perovskite and related structures are shown in Fig. 3 . Only in recent years, perovskite and related crystal structures have been investigated more intensively with regard to the possibility of oxide ion conduction. Figure 4 S/cm at 900°C [29] . The highest bulk oxide ion conductivity value of 0.17 S/cm at 800°C was observed for x = 0.2 Fig. 2 Arrhenius plot of the oxide ion conductivity of selected metal oxides in ambient atmosphere [13] [30] [31] [32] [33] , which is about four times higher than the conductivity of YSZ (3.6×10 −2 S/cm at 800°C). Accordingly, LSGMbased materials are presently considered as potential candidates for IT-SOFCs.
Effect of doping on the ionic conductivity of LSGM perovskites Effect of A-site substitution Figure 5 shows the chemistry of metal ion substitution in the case of perovskite-type LSGM. Partial substitution (10 mol %) of La by other rare earth ions at the A-site (Nd, Sm, Gd, Y, Yb) in La 0.9 Sr 0.1 Ga 0.8 Mg 0.2 O 2.85 (LSGM) decreases the total electrical conductivity [34] . Unlike other rare earth substitutions of LSGM, Pr substitution (50 at. %) of La does not affect the electrical conductivity, except with a slight decrease at high temperature, while the conductivity corresponds to that of LSGM at low temperature [35] . Among the alkaline earth ions occupying the A-site, Sr provides the highest ionic conductivity enhancement, compared to Ca and Ba. K and Pr substitutions for La/Sr in LSGM result in a simple cubic perovskite structure. −5 S/cm at 200°C in air, with an activation energy of 0.44 eV. The increase in the electrical conductivity may be due to the higher number of oxygen vacancies or an increase in the electronic conductivity due to mixed-valent Pr [35] .
Chemical compatibility of LSGM with potential SOFC electrodes A substantial amount of work has been dedicated to the understanding of the chemical compatibility of LSGM with conventional SOFC electrodes, e.g., Sr-doped LnBO 3 (Ln = rare earths, B = Mn, Co) and Ni cermet, in fuel cells under operating conditions. Based on powder X-ray diffraction studies, it has been concluded that the LSGM electrolyte appears to be sufficiently stable against a chemical reaction with perovskite-like LSM and Sr-doped SmCoO 3 [39] . Furthermore, the average thermal expansion coefficient of LSM perovskite (11.1×10 A few studies have shown that LSGM reacts upon exposure to CO and CO 2 atmospheres due to the formation of alkaline carbonates, and the Ga suboxides have a high volatilization rate in reducing atmospheres (e.g., in H 2 and the H 2 O or CO 2 mixtures) [40] . Furthermore, LSGM reacts with potential Ni anodes and forms reaction products (LaSrGaO 4 and LaSrGa 3 O 7 ) at the anode-electrolyte interface. Accordingly, complete replacement of the costly 3 . Among the investigated compounds, CaTi 0.9 Sc 0.1 O 3−x showed predominantly ionic conduction over a wide range of oxygen partial pressures at 800°C, while the Ga-and Al-doped samples exhibited p-and ntype electronic conduction at high and low oxygen partial pressures, respectively [43] . Impedance (5 Hz-13 MHz) studies showed that SrFe 0:1 Sn 0:1 O 3Àδ exhibits two semicircles (which may be attributed to bulk and grain boundary contributions), while samples with higher Fecontents show only a single semicircle or part of a semicircle [41, 42] . The absence of a low-frequency tail indicates that the electrolyte-electrode interfaces were not blocking. Accordingly, the low-frequency intercept may correspond to electronic conductivity.
Very interestingly, in contrast to previous investigations, it has been found that solid solutions SrSn 1−x Fe x O 3 containing low Fe contents (<0.3) exhibit regimes of predominant ionic and electronic conductivity. At high and low oxygen partial pressures, for example, SrSn 0.9 Fe 0.1 O 3 exhibits p-and n-type electronic conductivity with a slope of ±1/4, respectively. This behavior is assumably due to the following defect reactions [41, 42] (Fig. 6) : [41, 42] to that of the perovskites, but differs by the oxygen vacancy distribution (Fig. 3d) suppresses the phase-transition and provides high ionic conductivity at 400°C. The ionic transport in these intergrowth structured materials at low temperature is obviously due to the disordered arrangement of oxygen vacancies [44] [45] [46] .
Substitution of In by Ga in Ba 2 In 2 O 5 was found to decrease the ionic conductivity, especially at high temperature, which may be due to the replacement of the weak In-O bond by the strong Ga-O bond, which increases the electrostatic attraction between the metal and oxide ions [47] . Also, recent studies have shown that Ba 2 In 2 O 5 exhibits proton conduction in hydrogen-containing atmospheres (e.g., water vapor) [48] [49] [50] . The existence of proton conductivity can be explained using the following defect equilibrium reaction: [51] , which is derived from Bi 2 WO 6 (Fig. 2) . Bi 4 V 2 O 11 exhibits two reversible phase transitions at 450°C (α→β) and 570°C (β→γ). The low-temperature α-Bi 4 V 2 O 11 crystallizes in a monoclinic cell and the anion vacancies are ordered in the perovkitelike layers, which are sandwiched between the {Bi 2 O 2 } layers. The α-phase shows low ionic conductivity of below 10 −7 S/cm at 100°C, which is attributed to the ordered oxygen ion vacancies. The high-temperature γ-Bi 4 V 2 O 11 exhibits fast ionic conductivity of about 0.1 S/cm at 600°C (0.23 eV), where the oxygen vacancies are disordered [46] . Attempts have been made to stabilize the γ-phase at room temperature by substituting aliovalent cations, such as Cu, Ti, Nb, etc., for vanadium in Bi 4 V 2 O 11 . Such stabilized compounds of the composition Bi 2 V 2−x M x O 11−y (M=Cr, Cu, Ti, Zr, Sn, Nb, Sb, Nb, Ta, Mo) exhibit a remarkably high oxide ion conduction at low temperature (<400°C). For example, Bi 4 V 1.8 Cu 0.2 O 10.7 exhibits a conductivity of 10 −3 S/cm at 250°C, which is about two orders of magnitude higher than that of the pure Bi 4 V 2 O 11 at the same temperature [45] .
Zur Loye et al. prepared novel series of n = 3 and 4 members of Aurivillius phases with the chemical formulas of Bi 2 Sr 2 M 2 ′M″O 11.5 (M′ = Nb, Ta; M″ = Al, Ga) and BaBi 4 Ti 3 MO 14.5 (M = Sc, In, Ga), respectively. Among the investigated samples, the n = 4 member with the composition BaBi 4 Ti 3 InO 14.5 exhibits an ionic conductivity of 10 −2 S/cm at 900°C, which is comparable to that of YSZ [52] . The practical application of the Aurivillius phases is restricted due to the low chemical stability of Bi, V, In, and Ti under low oxygen partial pressures at elevated temperatures, and also due to structural phase transitions which are associated with large-volume changes and degradation in CO 2 atmospheres (Table 1) . However, composite materials employing compounds with the same chemical composition find application as negative electrodes in SOFCs that utilize doped CeO 2 as electrolyte. Shuk et al. recently reviewed the electrical transport properties of Bicontaining oxide-ion-conducting electrolytes [53] .
Oxide ion electrolytes based on rare-earth-doped CeO2 At present, rare earth Gd-or Sm-doped CeO 2 solid electrolytes are considered to be potential electrolytes for IT-SOFC applications because of their higher oxide ion conductivities compared to both Y-doped ZrO 2 (YSZ) and Sr-and Mg-doped LaGaO 3 (LSGM) in air [54] [55] [56] (Fig. 2 ) [13] . However, doped CeO 2 shows n-type electronic Kharton et al.
[57] and Inaba and Tagawa [58] reviewed the recent developments on ceria-based electrolytes and discussed their electrical transport properties, as well as their electrochemical performances. Among the various substitutions for Ce, Gd was found to be the optimum with regard to high ionic conductivity, which is presumably due to the matching of the ionic radii of Ce and Gd.
Solid-state lithium ion conductors (SSLICs)
General considerations
At present, lithium ion secondary battery developments are mainly based on LiCoO 2 as positive electrode, lithium-ionconducting organic polymer as electrolyte (LiPF 6 dissolved in polyethylene oxide), and Li-metal or graphite as negative electrode [59, 60] . The formation of a solid electrolyte interface at the anode leads to a large irreversible capacity loss during the discharge cycles [61] . A further major concern is the safety aspect of liquid and common polymeric electrolytes. Liquid-free batteries that utilize solid state lithium ion conductors (SSLICs) are expected to show major advantages over the currently commercialized polymer/gel batteries. These include thermal stability, absence of leakage and pollution, high resistance to shocks and vibrations, and a large electrochemical stability window for practical applications.
Required functional properties of SSLICs for application in high-energy-density batteries
Potential SSLICs should show the following features for application in lithium batteries and other electrochemical devices:
(a) High lithium ion conductivity at operating temperature (preferably at room temperature) (b) Negligible electronic conductivity over the entire employed range of lithium activity and temperature (c) Negligibly small or nonexistent grain-boundary resistance So far, all discovered inorganic compounds had either high ionic conductivity or high electrochemical stability, but not both. Looking at the structure, the solid lithium ion conductors reported in the literature so far are 2D layered compounds, e.g., Li 3 N and Li-β-alumina, and 3D materials, e.g., Li 14 (Fig. 3) [62] [63] [64] [65] [66] . Table 2 shows the electrical conductivity properties of potential SSLICs and their technological problems in galvanic cell applications [67 and references therein].
Perovskite-type lithium ion conductors
To date, the highest bulk lithium-ion-conducting solid electrolytes are the perovskite (ABO 3 )-type lithium lanthanum titanate (LLT) Li 3x La (2/3)−x □ (1/3)−2x TiO 3 (0<x<0. 16) and structurally related materials (Fig. 7) . Figure 8 shows the bulk lithium ion conductivity of selected SSLICs. Among them, the x≈0.1 member of LLT exhibits the highest bulk lithium ion conductivity of 10 −3 S/cm at room temperature with an activation energy of 0.40 eV [68, 69] . Stramare et al. recently reviewed the lithium ion transport properties of LLT and structurally related materials [70] .
The salient electrical and structural features of LLT perovskites are:
1. The high lithium-ion-conducting phase has an A-site deficient perovskite-type structure. Lithium ion conduction occurs due to the motion of lithium ions along A-site vacancies. The window of four oxygen-separating adjacent A-sites constitutes the bottleneck for lithium ion migration. It is considered that BO 6 /TiO 6 octahedra tilting facilitates the lithium ion mobility in the perovskite structure 2. Cubic structures exhibit slightly higher conductivities than ordered tetragonal phases with the same bulk composition. The low ionic conductivity in the ordered phase is due to the unequal ordering of Li, La, and vacancies along the c-axis 3. The ionic conductivity is highly sensitive to the lithium content, and a dome-shaped dependence of the conductivity on the Li content was found (Fig. 9 ) [70] . LLT substitution of 5 mol % Sr for La exhibits a slightly higher conductivity (1.5×10 −3 S/cm at 27°C) than the pure LLT, while complete substitution of other transition metal ions for Ti decreases the ionic conductivity (Fig. 10) [70] 4. The optimum total lithium and vacancy concentration for high ionic conductivity was found to be in the range 0.44-0.45 5. NMR studies reveal that at low temperature ( > room temperature), the lithium ion hops between cages through the bottleneck in the ab plane, and at high temperature the lithium ions hop in three directions 6. The application of LLT as lithium ion electrolyte is not favorable because the compound is not stable in direct contact with elemental lithium and rapidly undergoes [70] Li-insertion with consequent reduction of Ti 4+ to Ti 3+ , leading to high electronic conductivity. Furthermore, LLT has been investigated with regard to its stability against lithium and intercalation of lithium using several electrochemical methods that include galvanostatic insertion, coulometric titration, and discharge/ charge characteristics. The use of LLT as lithium battery electrode is limited because of the small lithium uptake and rather small practical capacity [69] .
Na super-ionic conductor (NASICON) structured lithium ion electrolytes
The highest lithium ion conductivity of Na super-ionic conductor (NASICON)-type phosphates has been obtained with an optimum cell volume of 1,310 Å 3 ( Fig. 11) 3 . It has been discussed that this substitution decreases the porosity and increases the bulk conductivity. It should be mentioned that trivalent Al has a lower ionic radius (0.53 Å) than tetravalent Ti with an octahedral coordination (0.60 Å). Therefore, the increase in ionic conductivity cannot be explained on the basis of cell volume considerations. The effect is easily understood using the Gibbs energy of formation values of Al 2 O 3 and TiO 2 [64] [78] S/cm at 22°C with an activation energy of 0.40 eV [78] , which is comparable to those of other fast lithium ion conductors, especially the presently employed thin-film solid electrolyte lithium phosphorus oxynitride (LiPON) (σ = 3.3×10 −6 S/cm at 25°C; E a =0.54 eV) for all-solid-state lithium batteries [62] .
In Fig. 12 and 5.4×10
−5 S/cm, respectively, at 22°C [78] . This finding is the most attractive feature of the investigated garnet-type oxides compared to other ceramic lithium ion conductors. For comparison, the best lithium ion conductor based on perovskite LLT exhibits a total conductivity that is about two orders of magnitude lower than the bulk conductivity [68] [69] [70] . Furthermore, impedance and DC electrical investigations confirm the absence of electrolyteelectrode interface resistances in the case of Li 6 ALa 2 Ta 2 O 12 (A=Sr, Ba) when lithium metal is employed as reversible electrode (Fig. 13) . Also, DC electrical measurements reveal that the electronic conductivity is much smaller and the compounds exhibit high electrochemical stability of about 6 Vagainst metallic lithium at room temperature [78] . Bond valence models consistently suggest that the Li + ion transport pathways in Li 5 La 3 M 2 O 12 directly connect the almost fully occupied octahedral sites [80] . Thus, a vacancy-type ion transport is expected to be the dominant contribution to the long-range ion transport, while the tetrahedrally coordinated "interstitial sites" mainly act as sources or sinks of the mobile ions.
The 12 is chemically stable against reaction with 2D layered structured LiCoO 2 up to 900°C, while other transition metal Mn-, Ni-, (Fe,Mn-), and (Co,Mn)-based cathodes were found to react and form perovskite-like structure reaction products at temperatures above 400°C [79] .
Conclusions and outlook
Among the various inorganic structural families, the perovskite-type (ABO 3 ) and its structurally related materials form one of the most important and fascinating classes of materials with interesting oxide ion conductivity properties. The high oxide ion conductivity is, in general, mainly dependent on the presence of oxide ion vacancies, and these vacancies should be disordered for fast ionic conduction. The highest oxide ion conductivity of 0.17 S/cm was reported at 800°C in air for disordered perovskite-type metal oxides with the chemical composition of La 0.80 Sr 0.20 Ga 0.83 Mg 0.17 O 2.815 . In spite of a large number of chemical substitutions made so far, no major improvement in the electrical conductivity has been observed in LSGM perovskites. LSGM remains unique with regard to the chemical composition-structure-electrical conductivity relationship. Further attention should be paid to layered or tunnel structures possessing stable cations, in which large concentrations of oxygen vacancies may be introduced by chemical substitutions.
Among the solid lithium ion conductors, the perovskitetype A-site-deficient (Li,La)TiO 3 shows the highest bulk ionic conductivity. However, its application in lithium ion batteries is limited due to facile reduction of Ti 4+ to Ti 3+ , which leads to high electronic conduction. Similarly, Ticontaining NASICON phosphates are also limited in their application in spite of their high ionic conductivities. The new garnet-structure related compounds in the Li-Ba-LaTa-O system presently appear to be most important potential candidates for high-energy-density batteries and other applications.
